Isoniazid, administered as part of combination antituberculosis therapy, is responsible for most of the early bactericidal activity (EBA) of the regimen. However, the emergence of Mycobacterium tuberculosis resistance to isoniazid is a major problem. We examined the relationship between isoniazid exposure and M. tuberculosis microbial kill, as well as the emergence of resistance, in our in vitro pharmacodynamic model of tuberculosis. Since single-nucleotide polymorphisms of the N-acetyltransferase-2 gene lead to two different clearances of isoniazid from serum in patients, we simulated the isoniazid concentration-time profiles encountered in both slow and fast acetylators. Both microbial kill and the emergence of resistance during monotherapy were associated with the ratio of the area under the isoniazid concentration-time curve from 0 to 24 h (AUC 0-24 ) to the isoniazid MIC. The time in mutant selection window hypothesis was rejected. Next, we utilized the in vitro relationship between the isoniazid AUC 0-24 /MIC ratio and microbial kill, the distributions of isoniazid clearance in populations with different percentages of slow and fast acetylators, and the distribution of isoniazid MICs for isonazid-susceptible M. tuberculosis clinical isolates in Monte Carlo simulations to calculate the EBA expected for ϳ10,000 patients treated with 300 mg of isoniazid. For those patient populations in which the proportion of fast acetylators and the isoniazid MICs were high, the average EBA of the standard dose was ϳ0.3 log 10 CFU/ml/day and was thus suboptimal. Our approach, which utilizes preclinical pharmacodynamics and the genetically determined multimodal distributions of serum clearances, is a preclinical tool that may be able to predict the EBAs of various doses of new antituberculosis drugs.
In the 21st century, tuberculosis is still responsible for 3% of all human deaths (45) . First-line antituberculosis therapy consists of isoniazid, pyrazinamide, and rifampin. It is thought that isoniazid kills the largest population of Mycobacterium tuberculosis, which represents bacilli in log-phase growth, after which pyrazinamide kills the slower-growing population of bacilli in acidic milieus and rifampin kills nonreplicating bacilli (4, 23, 29, 33) . Isoniazid microbial kill ceases after 2 to 3 days of therapy. As a result, isoniazid's microbial kill in patients is measured using an index termed early bactericidal activity (EBA), which is the average rate of sputum bacillary decline during the first 2 days of therapy (10, 23) . It is also believed that the cessation of kill is due to depletion of bacilli in the log phase of growth. However, we recently demonstrated that this early cessation of kill by isoniazid is due to the emergence of an isoniazid-resistant population (20) . The pharmacokineticpharmacodynamic (PK-PD) relationship between isoniazid exposure and the emergence of resistance is, as yet, unknown.
The pharmacokinetics and pharmacogenomics of isoniazid in humans have been well characterized. The concentration of isoniazid in human serum declines due to metabolism by arylamine N-acetyltransferase-2 (NAT2). Single-nucleotide polymorphisms (SNPs) of the NAT2 gene lead to two human phenotypes: fast acetylators, in whom the half-life of isoniazid in serum is 0.9 to 1.8 h, and slow acetylators, in whom the half-life is 2.2 to 4.4 h (14, 32) . Therefore, the area under the isoniazid concentration-time curve from 0 to 24 h (AUC 0-24 ) and the percentage of the dosing interval during which the isoniazid concentration is above the MIC (T MIC ) will differ between fast and slow acetylators who receive the same dose of isoniazid. Different ethnic populations have different distributions of fast and slow acetylators (7, 25, 28, 34) , and after they receive the same isoniazid dose (e.g., 300 mg a day), different percentages of patients for each population will achieve a particular isoniazid AUC 0-24 . Therefore, the overall efficacy of the currently recommended dose of isoniazid may differ between different ethnic groups. Thus, the efficacy of the standard dose in different patient populations needs to be reexamined.
In the current study, we identified the PK-PD index (AUC 0-24 / MIC ratio, T MIC , or the ratio of the peak concentration of isoniazid in serum to the MIC [C max /MIC]) that best explained isoniazid's microbial kill. We utilized this relationship in MonteCarlo simulations to determine the bactericidal activities expected from administering the recommended isoniazid dose to different ethnic populations, given the different distributions of NAT2 gene SNPs and the distribution of isonazid MICs for M. tuberculosis clinical isolates. We also examined the relationship between the PK-PD index and the emergence of isoniazid resistance. Since it has been suggested that the percentage of the dosing interval during which an antibiotic concentration is within the mutant selection window (T MSW ) is closely associated with the emergence of resistance (12, 16, 47) , we also examined whether the T MSW is indeed linked to isoniazid resistance. The mutant selection window is the concentration range above the MIC of an antibiotic to the pathogen but below the concentration that prevents selection of the first step of mutation that confers drug resistance. It should be noted that resistance emergence during monotherapy was studied. It is standard clinical practice to administer combination therapy so that the drugs in the combination can reduce the emergence of resistance to one another (4, 33) . Therefore, our results must be interpreted in this context.
MATERIALS AND METHODS
Bacterial isolate. M. tuberculosis H37Ra (American Type Culture Collection, Manassas, VA) cultures were stored at Ϫ80°C in Middlebrook 7H9 broth (Becton Dickinson, Sparks, MD). For each study, aliquots were thawed and incubated under 5% CO 2 at 37°C in Middlebrook 7H9 broth for 4 days.
Drugs. Isoniazid was purchased from Sigma-Aldrich (St. Louis, MO). The drug was dissolved in sterile water to the desired concentrations.
MIC, mutation frequency, and MPC. Isoniazid MIC testing was performed using methods recommended by the Clinical and Laboratory Standards Institute (formerly NCCLS) (5) . The frequency of mutation in response to isoniazid was determined by plating a total of 2 ml of a 10 8 -CFU/ml M. tuberculosis suspension onto Middlebrook 7H10 agar containing either 0.2 or 1.0 mg of isoniazid/liter; these concentrations define low-level and high-level clinical resistance, respectively (5). The mutation prevention concentration (MPC) was determined using methods described by Drlica and colleagues (12, 36) . All cultures were incubated at 37°C under 5% CO 2 and were read after 3 weeks.
Isoniazid dose range studies in an in vitro pharmacodynamic model of tuberculosis. Full details of our experimental in vitro pharmacodynamic model of tuberculosis have been described previously (18) (19) (20) . This experimental system allows M. tuberculosis in log-phase growth to be exposed to isoniazid concentration-time profiles similar to those observed in the serum of humans, so that clinical regimens can be simulated. M. tuberculosis in Middlebrook 7H9 broth enriched with 10% oleic acid-albumin-dextrose-catalase and 0.025% Tween 80 was incubated in flasks under shaking conditions under 5% CO 2 at 37°C. On the 4th day of growth, M. tuberculosis cultures were used to determine the frequency of mutation in response to 0.2 and 1.0 mg of isoniazid/liter (5). The cultures were then diluted in prewarmed Middlebrook 7H9 broth to a final density of 10 6 CFU/ml, and 15 ml of the bacterial suspension was inoculated into each of the eight experimental systems. Starting 24 h later, isoniazid treatment was administered daily for 7 days to simulate serum isoniazid concentration-time profiles in humans treated with 0, 25, 100, or 300 mg a day (for both slow and fast acetylators) or with 600 mg a day (for fast acetylators). These doses were chosen based on prior studies (20) . The doses achieve isoniazid AUC 0-24 exposures of 0, 1.7, 6.8, and 20 mg ⅐ h/liter for slow acetylator phenotypes and 0.6, 2.4, 7.1, and 14.2 mg ⅐ h/liter for fast acetylators, based on the serum isoniazid clearances published by Peloquin et al. (32) . The in vitro pharmacodynamic systems were sampled to confirm that the intended isoniazid concentrations had been achieved as well as to determine the size of the total microbial population and the M. tuberculosis populations resistant to 0.2 and 1.0 mg of isoniazid/liter.
Measurement of isoniazid concentrations. Isoniazid concentrations in media collected from the experimental systems were measured by high-pressure liquid chromatography. The assay characteristics were the same as those described for a previous study (20) .
Studies to characterize katG mutations and efflux pumps in isoniazid resistance. Three isoniazid-resistant M. tuberculosis isolates per day were selected from each treatment regimen, and mutations in the katG gene were determined using methods described by Parsons et al. (31) . To examine the role of efflux pumps in isoniazid resistance (6, 42) , we used our in vitro experimental system in a separate experiment to simulate treatment of M. tuberculosis infection with an isoniazid dose of 0 mg daily, 300 mg daily, or 900 mg as a single dose at day 0. Slow acetylator concentration-time profiles were mimicked. The isoniazid doses of 300 mg once daily and a single dose of 900 mg have the same AUC of 60 mg ⅐ h/liter at the end of 3 days, which is the end of isoniazid EBA in our in vitro model (20) . On days 0, 2, 3, and 5 of therapy, 0.8-ml cultures were sampled from the experimental systems and were divided into two equal portions. Reserpine was added to one portion to a final concentration of 1.0 mg/liter, and then the sample was incubated at 37°C for 15 min. Ethidium bromide, which fluoresces with a concentration-dependent intensity when in contact with bacterial DNA, was added to both portions to a final concentration of 10 mg/liter in a volume of 0.5 ml. The cultures were incubated at 37°C for 30 min. Counts and fluorescence intensity were examined in a Cytomics FC500 flow cytometer (Coulter Cytometry Systems, Miami, FL) at an excitation wavelength of 530 nm and an emission wavelength of 630 nm. Counts were set to 10,000 events.
Pharmacokinetic and mathematical modeling. Population pharmacokinetic analysis was performed using the nonparametric adaptive grid algorithm. A one-compartment open model with first-order input and elimination was utilized. The mean pharmacokinetic parameters that we calculated from these studies were then used, in conjunction with the MIC and MPC, to calculate the isoniazid half-life, C max /MIC, AUC 0-24 /MIC, T MIC , and T MSW .
The relationship between isoniazid exposure and microbial kill was analyzed using the inhibitory sigmoid E max model with a variable slope, defined by the
, where E is the observed M. tuberculosis log 10 CFU/ml, E con is the bacillary log 10 CFU/ml in the control arm, E max is the maximal antimicrobial effect on bacillary density (log 10 CFU/ml) with isoniazid therapy, EC is the isoniazid drug exposure, EC 50 is the drug exposure that achieves 50% of maximal effect, and H is Hill's constant. The E max at the end of effective microbial kill was divided by the number of days of effective microbial kill to give an estimate of in vitro EBA (CFU/ml/day).
Our next step was performance of Monte Carlo simulations, to integrate the isoniazid PK-PD relationship, isoniazid population pharmacokinetics, and isoniazid's microbial kill. We utilized the population pharmacokinetics of isoniazid described by Peloquin et al. (32) as input into the PRIOR subroutine of the ADAPT II program (8) . In the Monte Carlo simulation, a population of 9,999 virtual patients given 300 mg of isoniazid was examined to generate a distribution of serum drug clearances. The 9,999 iterates were chosen in order to stabilize the variance in the tails of the distribution. Due to different distributions of nat2 SNPs, different ethnic populations of the world have different proportions of fast and slow acetylators. We incorporated a bimodal distribution of clearances to reflect slow-acetylator proportions (expressed as percentages) of patients in Shanghai, China (12%) (28) and in the United States (67%) (32) , populations at either end of the spectrum. The simulation also took into account the different isoniazid MICs between 0.008 and 0.256 mg/liter to calculate PK-PD exposure values, since different geographic regions have different susceptibility patterns (27, 46) . By using the inhibitory sigmoid E max relationship between isoniazid exposure and microbial kill derived from the in vitro experiments, the population of patients was examined to determine the microbial kill expected from administering 300 mg of isoniazid a day orally to the patients.
Computer software. Population pharmacokinetic analysis was performed using the nonparametric adaptive grid software program of Leary and colleagues (26) . Monte Carlo simulations were carried out using the ADAPT II software of D'Argenio and Schumitzky (8) . Sigmoid E max analyses were performed using GraphPad Prism, version 4 (GraphPad Software, San Diego, CA), which runs on Windows. All the programs ran on a personal computer, with the ADAPT II program requiring a Fortran compiler.
RESULTS
MIC, mutation frequency, and MPC. The isoniazid MIC for the M. tuberculosis isolate was 0.0156 mg/liter. The prevalence of mutants resistant to 0.2 mg of isoniazid/liter was 1 in 1.8 ϫ 10 5 to 1 in 7.9 ϫ 10 5 CFU, and that of mutants resistant to 1.0 mg of isoniazid/liter was 1 in 9.8 ϫ 10 5 to 1 in 18.2 ϫ 10 5 CFU. The MPC was 50 mg/liter; thus, the upper and lower boundaries of the mutant selection window were 0.0156 and 50 mg/ liter, respectively.
Isoniazid microbial kill. Isoniazid declined with a half-life of either 4.16 h or 1.84 h in our experimental system, consistent with slow and fast acetylation, respectively. Isoniazid-mediated decline in total microbial density ceased after day 3 (data not shown). Examination of the relationship between PK-PD indi-ces and microbial kill for day 3 revealed that the PK-PD index most explanatory of isoniazid microbial kill was the AUC 0-24 / MIC ratio (Fig. 1A to C The day 3 relationship between AUC 0-24 /MIC and microbial kill was used in Monte Carlo simulations to predict the total microbial kill and EBA expected with administration of 300 mg of isoniazid to patients. Figure 2A and B demonstrate the distribution of serum isoniazid clearances in 9,999 simulated American and Chinese patients, respectively, given the proportions of slow and fast acetylators in these two respective populations. These serum clearances directly determine the isoniazid AUC 0-24 for each patient, and each of these AUC 0-24 values will effect a specific degree of microbial kill as specified by the inhibitory sigmoid E max equation given above. An example is the bactericidal effect in the American patients infected with M. tuberculosis isolates for which the isoniazid MIC is 0.12 mg/liter (Fig. 2C) . A summation at each MIC for each of the two populations of patients is shown in Fig. 3 . There is a decrease in EBA as the isoniazid MIC increases, even within the MIC range considered to reflect isoniazid susceptibility. This is particularly significant in populations with high percentages of fast acetylators, in which the average EBA falls to a Emergence of isoniazid resistance. The PK-PD indices associated with both low-level and high-level isoniazid resistance were examined for each of the 7 days of therapy. Since no isoniazid concentration in our study exceeded the MPC, the T MSW was equal to the T MIC . For each simulated dose, slow acetylation was associated with a longer T MSW than fast acetylation. However, the sizes of the resistant populations were similar for slow and fast acetylators (Fig. 4A to C) . When a sigmoid E max model was fit to the T MSW and the size of each of the two resistant subpopulations, the model was such a poor fit to the data that the computer program failed to reach any meaningful solution to the sigmoid E max model equation for 12 of 14 regressions. The first exception was for day 6 data, which revealed an r 2 of 0.51. However, the relationship revealed that a T MSW of Ͻ5% mediated a 50% increase in resistance, a finding inconsistent with the T MSW hypothesis. The second exception was for day 5 high-level resistance data, which, however, revealed an r 2 of only 0.39. Taken together, the T MSW hypothesis was rejected.
The relationship between time, the density of the resistant subpopulation, and the concentration-dependent PK-PD indices (C max /MIC or AUC 0-24 /MIC) was described by a U-shaped curve starting on day 1 of therapy, suggesting an initial diminution of the resistant population with therapy ( Fig. 5A and  B) . However, as the duration of therapy increased, there was a transition to an inverted U-shaped curve on day 3, demonstrating amplification of the resistant subpopulation. As the duration of therapy increased beyond day 3, higher drug exposures were needed to reduce resistance, and by day 7 no isoniazid exposures tested could suppress resistance. Resistant isolates from these experiments revealed single point mutations in katG codon 300 of resistant isolates from the bacterial suspension used to inoculate the hollow fiber systems, both in the untreated controls and in all treatment groups, indicating that this mutation was present prior to the initiation of isoniazid therapy. In the isoniazid treatment groups, mutations in katG codons 315, 321, and 322 arose on the third day of therapy. In separate experiments, isoniazidtreated cultures from day 3 onward revealed an 18 to 24% increase in ethidium bromide fluorescence for bacilli that had been preincubated with reserpine compared to those that had not been pretreated. Control cultures had no changes in fluorescence. These data are consistent with reserpine-inhibitable efflux pumps.
DISCUSSION
Tuberculosis is currently treated with combination therapy. However, studying and optimizing monotherapy regimens will allow for optimal efficacy of combination antituberculosis therapy regimens. Moreover, during the first 2 to 5 days of antituberculosis therapy in patients, the EBA of combination therapy is derived mainly from isoniazid's microbial kill of log-phase M. tuberculosis (23, 24) . In these early phases of therapy, the isoniazid PK-PD index associated with microbial kill in our in vitro model was the AUC 0-24 /MIC ratio. This is similar to the results from a study by Jayaram et al. with an aerosol mouse model of tuberculosis (22) . This is also consistent with the fact that for patients with tuberculosis, the isoniazid AUC strongly correlates with EBA (11) . It is also interesting that even when isoniazid was given in combination with rifapentine, in U.S. Public Health Service study 22, patients with low isoniazid AUC 0-12 values were more likely to fail therapy than patients with higher isoniazid AUC 0-12 values (44) . This suggests that PK-PD lessons from our in vitro models may also apply to long-term outcomes for patients.
In our in vitro study, the relationship between the isoniazid AUC/MIC ratio and microbial kill was described by an E max of 2.89 log 10 CFU/ml (in vitro maximal EBA, 0.9 log 10 CFU/ml/ day), an EC 50 (AUC 0-24 /MIC) of 61.6, and an H of 0.9. The AUC 0-24 that corresponds with the EC 50 is 1.0 mg ⅐ h/liter. In the murine studies of Jayaram et al., the E max was 1.3 log 10 CFU/lung, H was 1.0, and the EC 50 (AUC 0-24 /MIC) was 63.0 (22) . The values for these parameters are remarkably similar to ours. The differences in the E max between the mice and our in vitro model simply reflect the fact that the two studies used two different end points in terms of bacillary burden: the total CFU in a whole mouse lung versus the CFU/ml in liquid medium. It is also unclear if the EC 50 in the murine studies refers to total exposure or free drug. Even so, after any possible correction for protein binding, the EC 50 would still be within the same range as the EC 50 we derived. Similarly, our analysis of an isoniazid dose-versus-EBA study of South African patients (9) using the sigmoid E max model yielded the following model estimates: E max , 0.6 Ϯ 0.2 log 10 CFU/ml/day; H, 1.2; EC 50 , 1.3 mg/kg of body weight/day (r 2 ϭ 0.99; P Ͻ 0.001). Since this population consisted predominantly of fast acetylators, the EC 50 corresponds to a mean AUC 0-24 of 1.3 (9, 11, 32) . These results are also remarkably similar to those we derived in vitro. The E max that we calculated for these patients is likely an underestimate, because we utilized reported mean EBA values. This is consistent with the fact that in the inhibitory sigmoid E max relationship, the E max (efficacy), the EC 50 (potency), and H (the strength of microbial kill in response to changes in the AUC 0-24 /MIC ratio) are determined mostly by the interaction of the particular drug and the particular microbial species and are thus expected to be similar in many biological systems.
We utilized the relationship between the AUC 0 -24 /MIC FIG. 5 . Relationship between concentration-dependent indices (C max /MIC, AUC/MIC) and the size of the resistant population. Shown are day-to-day changes in resistant population levels with respect to increases in the C max /MIC ratio (A) and the AUC 0-24 /MIC ratio (B). Each line represents the change in the resistant population with a change in the PK-PD index value on a particular day of therapy. Only data for the population with high-level resistance are shown; the pattern for low-level resistance curves is similar. Lines for some of the days, such as day 2, were not drawn for purposes of clarity. (46) and the proportion of fast acetylator phenotypes is ϳ90% (25), the standard isoniazid dose of 300 mg a day would have a mean EBA of ϳ0.3 log 10 CFU/ml/day, which is suboptimal. Our modeling approach gives us a tool to predict the bactericidal activities of new antituberculosis compounds. Thus, even prior to clinical EBA studies, reasonable predictions of the bactericidal effects of different doses of the drug would be made. Clinical studies could then be carried out with doses that have the highest EBA, if such doses can be tolerated by patients. Another important contribution of the current study is the incorporation of multimodal elimination of an antituberculosis compound into Monte Carlo simulations to predict microbial effect. Such an application will enable modeling that could predict the clinical effects of the new antituberculosis compounds that have multimodal elimination. An example that comes to mind is the phenothiazine thioridazine, which has recently stimulated interest because of its antituberculosis activity (17, 30) . Thioridazine is metabolized by CYP2D6 enzymes, and SNPs of the CYP2D6 gene lead to four human phenotypes: poor, intermediate, extensive, and ultrarapid metabolizers (2, 3). These CYP2D6 SNPs show wide differences in distribution between different ethnic groups (2, 3). Once thioridazine PK-PD studies have been successfully performed, our approach, in which the population frequencies of the drug's multimodal elimination are taken into consideration, may help predict the thioridazine EBAs for different ethnic populations.
While it is important to identify regimens that optimize microbial kill, identifying doses that reduce the emergence of resistance is also vitally important (13) . We demonstrated that the emergence of isoniazid resistance did not correlate closely with T MSW . Instead, resistance was concentration dependent. It is interesting that in U.S. Public Health Service study 23, in which isoniazid was combined with rifabutin, patients who developed rifamycin resistance and relapse had lower isoniazid AUC 0-12 values than those without failure (43) . This result suggests that in fact the isoniazid AUC may also be linked to the prevention of resistance to companion drugs in combination therapy. However, these clinical trial results are probably more reflective of events during the continuation phase of therapy than of the initial phases of therapy.
The relationship between isoniazid concentration and isoniazid resistance was complex and at some time points was reminiscent of the inverted-U curve that we have described for the effects of fluoroquinolone on Klebsiella pneumoniae and Staphylococcus aureus (40) . In the inverted-U relationship, the fluroquinolone-resistant subpopulations initially increased and then decreased with increasing exposure, until a threshold AUC 0-24 /MIC ratio that prevented resistance amplification was attained (40) . In the current study, we examined the relationship between a nonquinolone compound and a bacterium that has a long doubling time, which allowed us to examine more closely the relationship between exposure, resistance, and time. With 1 day of treatment, the locus of the point describing the relationship between exposure and the size of the resistant subpopulation is below that on day 0 and is described by a shape that roughly approximates an upright Ushaped curve. This indicates that a portion of the preexistent resistant subpopulation was killed in a concentration-dependent manner during the first few days. However the U shape inverted on day 3, coincident with the end of microbial kill and the emergence of an isoniazid-resistant population exhibiting efflux pumps and the type of katG mutations commonly encountered in isoniazid-resistant clinical isolates (21, 35) . From day 3 onward, the curves were shaped like inverted U's, indicating resistance amplification. As the duration of isoniazid therapy increased, a time was reached when no exposures tested were able to suppress resistance.
Our study has several limitations. First, the experiments were carried out using an in vitro system; thus, they may not completely reflect events in vivo. In addition, we utilized an avirulent M. tuberculosis strain for our studies, not the virulent strain. However, the in vitro pharmacodynamics of other antibiotic compounds have been demonstrated to be similar whether avirulent or virulent M. tuberculosis strains are used (15) . In addition, the concordance of our results with those for mice and for patients suggests that our conclusions are correct. Second, our in vitro study was not designed to examine the sterilizing activity of isoniazid. Such studies will be performed in the future. Third, we did not study the strategy of adding a second drug to reduce the emergence of resistance. This, too, will be examined in the future. Nevertheless, it is interesting that in clinical studies of isoniazid and rifamycin combinations, relapse as well as the emergence of rifamycin resistance was associated with the isoniazid AUC (43, 44) . This suggests that the concentration-dependent effect of isoniazid on the emergence of resistance to companion drugs is likely to be important, which is why each of the drugs in the combination needs to be optimized. Finally, while reserpine-inhibitable efflux pumps have been reported in vitro, they have so far not been reported in the clinical arena (6, 42) .
In summary, isoniazid microbial kill and the emergence of resistance were concentration dependent. The relationship between concentration and the isoniazid-resistant population was described by a system of U-shaped curves, which inverted as the duration of therapy increased. The relationship between concentration and microbial kill was exploited in Monte Carlo simulations to predict the EBAs of recommended doses of isoniazid in different ethnic groups, and for some groups the effect was suboptimal.
